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ABSTRACT

The CQUAD4 thin plate element implemented in COSMIC NASTRAN is
capable of modeling thin layered plate and shell structures composed
of orthotropic lamina. Fiber-reinforced composites are among the
classes of inhomogeneous and non-isotropic materials which can be
treated. Although the CQUAD4 has been extensively checked in static
cases, little validation has been carried out for vibration response
modeling. This paper documents validation of the CQUAD4 element's
accuracy for vibration response analysis of thin laminated composite
plates.

The lower-order natural frequencies and mode shapes of ten
glass fiber-reinforced plastic (GFRP) and carbon fiber-reinforced
plastic (CFRP) plates are computed and compared to published experi-
mental and numerically-computed data. A range of ply geometries
jncluding unidirectional, cross-ply, and angle-ply are considered.
The plates' length-to-thickness ratios all lie in the vicinity of
100 to 150. The CQUAD4 plate jdealizations provide natural frequen-
cy predictions within ten percent of measured data for all six
lowest modes of seven of ten plates. For two of the remaining three
plates, only the fundamental frequency is predicted with an error
greater than ten percent. Results for the one remaining plate do
not correlate with published data, possibly because of erroneous
reporting of its geometry or material properties in the literature.
To obtain accurate frequency predictions, lamina in-plane elastic
moduli had to be tuned to reflect each plate's fiber volume
fraction.

These results show that the NASTRAN CQUAD4 plate element is
useful and reasonably accurate for vibration and shock analysis of
structures composed of thin fiber-reinforced plastic plates.

INTRODUCTION

There is strong current Navy interest in exploitation of fiber-
reinforced plastics as lightweight materials for a wide variety of
ship structures. These structures must be designed to withstand in-
service loads of quasi-static, transient dynamic, and steady-state
dynamic nature. For many ship structures, transient shock is a pri-
mary load. For these and others, steady-state vibration response
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impacts the ship's acoustic signature. In both cases, the struc-
ture's modal properties (natural frequencies, mode shapes, and modal
loss factors) are key parameters governing its transient and steady-
state response. In most cases, the ship structures being designed
are complex enough so that numerical (finite element) methods must
be employed to obtain realistic modal property estimations.

The NASTRAN finite element code is one of the Navy's premier
tools for steady-state vibration response analysis of ship and
submarine structures. Undamped natural mode analysis and forced
vibration response analysis with hysteretic damping can be performed
by NASTRAN, as well as modal frequency and loss factor analysis for
structures with viscoelastic damping materials (Ref. 1l). NASTRAN is
also a key component of the NASHUA suite of codes for performing
radiated noise and acoustic scattering analysis of vibrating submer-
ged structures (Ref. 2,3).

The COSMIC NASTRAN CQUAD4 element is designed to model aniso-
tropic layered plates as well as homogeneous and isotropic plates.
The theory and assumptions behind the CQUAD4 have been informally
documented (Ref. 4). The CQUAD4 has been found to be more accurate
for a given finite element grid than its predecessor, the CQUAD2
element, for prediction of low frequency eigenmodes of thin-walled
cylindrical shells composed of isotropic materials (Ref. 5). To the
author's knowledge, no comparable study of the accuracy of the
CQUAD4 formulation for anisotropic plate or shell vibration yet
exists, particularly for bPlates and shells composed of layers of
fiber-reinforced plastic lamina.

This paper summarizes an investigation of the accuracy of the
NASTRAN CQUAD4 membrane and plate bending element for vibration
analysis of structures composed of thin fiber-reinforced composite
plates. This is accomplished by comparisons of NASTRAN-computed
undamped natural frequencies of ten GFRP and CFRP plates with
published experimental data and other numerical predictions.

NOTATION

E11 Lamina extensional modulus in
direction parallel with fibers

E22 Lamina extensional modulus in
direction transverse to fibers

E33 Through-thickness extensional
modulus

612 In-plane lamina shear modulus

G13 Transverse lamina shear modulus for

out-of-plane shearing of a fiber
cross section
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ABBREVIATIONS

Average

carbon fiber-reinforced plastic

Classical lamination theory

Consistent

Classical plate theory

Degree(s)-of-freedom

Finite Element Analysis

Gigapascals

Glass fiber-reinforced plastic

Hertz

Kilograms
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m Meters

mm Millimeters
params. Parameters
psi Pounds (force) per square inch
ref, Reference (s)
RMS Root-mean-square
sym Midplane-symmetric
BACKGROUND

Anisotropic plate analysis is more difficult and involves more
variables and parameters than isotropic plate analysis. The impor-
tance of accounting for transverse shear flexibility in relatively
thin composite laminates is discussed in the next section. The ways
by which the CQUAD4 addresses these difficulties are also briefly
described.

TRANSVERSE SHEAR DEFORMATION ISSUES

In composite plate mechanics, the counterpart of the well-known
Kirchhoff (Classical plate) theory (CPT) for isotropic plates is the
so-called "Classical Lamination Theory" (CLT). The two theories
invoke the same kinematic assumptions regarding the deformation of
the plate with respect to its middle surface; that is, sections
originally planar and perpendicular to the middle surface remain
planar and perpendicular in the deformed state. The mathematical
development of CLT occupies much of the text by Jones (Ref. 6). The
reader should consult this (or some other) text for detailed
exposition of CLT assumptions and derivation of the cLT equations.

The accuracy of the Kirchhoff kinematic assumption in isotropic
plate mechanics degrades when the plate thickness becomes signifi-
cant compared to its span length. For isotropic metallic plates,
transverse shear-stiffness-governed transverse deflection becomes
significant relative to flexural deflection when the span length-to-
thickness ratio (L/t) is sufficiently small. An idea of required
smallness can be gained from the discussion of "corrected" plate
flexural waves in Chapter II, Section 3b of Cremer, Heckl, and
Ungar (Ref. 7). They show, for a uniformly thick plate composed of
an isotropic material, that transverse shear effects decrease flex~
ural wavespeed by ten percent when the flexural wavelength is about
six times the plate thickness. For one-half wavelength over a plate
span length, this limitation translates to an L/t ratio of 3.

In the case of high modulus composite plates, an analogous
limitation of the adequacy of CLT is encountered at larger L/t.
This more stringent limit arises because the ratio of effective
laminate extensional elastic modulus to shear modulus is a key fac-
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tor (other than section geometry) governing the magnitude of shear
deformation relative to flexure. A rough idea of limiting L/t
ratios for the adequacy of CLT for composite plates follows from
insertion of some "ballpark" ratios of effective laminate extension-
al and transverse shear moduli for GFRP and CFRP into the approxi-
mate expression for shear-corrected plate flexural wavespeed found
on page 115 of Reference 7. Using E / G = 13 for GFRP and 125
for CFRP, ten percent differences in 6avesaged arise for L/t of 6.75
and 20.9, respectively. (A comparable modulus ratio for isotropic
materials is 2.6). These ad hoc assessments are qualitatively corro-
borated by static examples found in section 6.5 of Reference 6. In
the problem of cylindrical bending of a CFRP strip with E, / G =
125, maximum static deflection predicted by CLT is twenty ﬁerce%%
smaller than the true shear-corrected solution at L/t = 20.

The low frequency composite plate vibration literature is domi-
nated by evaluation of methods for account of transverse (interlami-
nar) shear in prediction of natural vibration frequencies and modal
deflections. The inadequacies of CLT even for fundamental plate
frequencies are repeatedly demonstrated in the literature for L/t's
of 5 or 10. Many approaches have been developed to provide finite
element-based plate formulations to handle through-thickness stress
fields for arbitrary L/t. In these complex formulations, transverse
normal stresses are no longer assumed to be zero, transverse shear
stresses are constrained to be zero on upper and lower laminate
surfaces, and shear stress continuity between laminae is maintained.
As a result, sections perpendicular to the plate midplane rotate
with respect to the midplane and warp out of a planar configuration.

The plate finite elements simulating through-thickness stress
fields in laminates are, obviously, quite sophisticated. Tables III
and VI of Mallikarjuna and Kant (Ref. 8) provide a good flavor for
the performance of some higher-order approaches for reckoning with
the effect of transverse shear and normal strains in plate vibration
frequency prediction. Table III shows that CLT provides reasonable
fundamental frequency predictions for a simply-supported CFRP angle-
ply plate for L/t at and above 20. Even for such highly anisotropic
plates, the complications of very complex high-order transverse
shear theories, necessary for laminate strength and structural
integrity problems, are not justified in vibration problems unless
L/t is less than about 20, or if short-wavelength (high frequency)
vibration modes are of interest.

The NASTRAN CQUAD4 membrane and bending element embodies the
assumptions of CLT, but contains first-order corrections for trans-
verse shear flexibility. When the CQUAD4 is used to model homogen-
eous plates, transverse shear strains vary linearly with the thick-
ness coordinate, and zero shear stress and strain boundary condi-
tions on upper and lower plate surfaces are not satisfied. The
shear energy implied by the linear distribution is corrected by a
multiplicative constant to produce the energy implied by the true
quadratic distribution. As a result of these assumptions, sections
perpendicular to the plate midplane are allowed to rotate with
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respect to the midplane, but remain straight when the plate is in
the deflected state. This ad hoc transverse shear correction ex-
tends the element's range of validity to thicker homogeneous plates,
but is not acceptable for inhomogeneous layered plates.

When modeling inhomogeneous plates composed of orthotropic
layers, a quadratic transverse shear strain distribution is assumed
in each layer of the CQUAD4 element. Interlaminar shear strains are
matched at lamina interfaces, and zero shear stress boundary condi-
tions are enforced on the upper- and lower-most lamina surfaces.
However, the through-thickness normal stress is assumed to be zero,
and complete consistency between the strain-displacement equations
for in-plane direct strain and transverse shear strain is not main-
tained. The CQUAD4 is thus seen to overcome the limitations of cCLT
for laminated plates, but does not represent all aspects of the
kinematics of three-dimensional continua taking place in relatively
thick laminates.

The CQUAD4 element is discussed in more depth in the following
section.

THE CQUAD4 ELEMENT

The CQUAD4 is a four-noded planar element possessing membrane,
flexural, and transverse shear stiffness. In the case of layered
plates, individual laminae are not modeled explicitly; rather,
equivalent stiffness matrices for the plate as a whole are defined.
Each lamina is assumed to be in a state of plane stress, and the
laminae are presumed to be perfectly bonded by infinitesimally thin
non-shear-deformable layers. Each lamina is assumed to be specially
orthotropic, with six independent elastic moduli when through-
thickness direct stresses and strains are ignored. Any alignment of
lamina fiber axis with respect to the local element coordinate
system can be accomodated. Hence, any layup or stacking sequence
can be handled (unidirectional, cross-ply, regular or irregular
angle-ply). Layups unsymmetric with respect to plate midplane can
also be modeled, as membrane-bending coupling is accounted for when
it occurs. Each lamina may also be composed of a different ortho-
tropic material, if desired.

The element's stiffness matrix terms for determining in-plane
displacements and flexural rotations as a function of imposed forces
and moments arise from CLT assumptions. The CQUAD4's force-versus
strain equations for membrane, flexural, and membrane-flexure coup-
ling (Ref. 4) are identical to those developed in sections 2.1
through 2.6 of Reference 6. The kinematic assumptions regarding in-
plane and flexural strains and displacements follow classical
assumptions and require no explanatory remarks here. Reference 4
documents the force-versus strain matrix terms for transverse shear
strains. These are based on overall element equilibrium, continuity
of transverse shear between adjacent laminae, and satisfaction of
zero shear strain and stress boundary conditions on the upper- and
lower-most laminate facings. As mentioned earlier, the strain-
versus displacement matrix is based on the assumption that through-
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thickness planar sections rotate with respect to the plate midsur-
face and also distort out of planes originally perpendicular to the
midsurface.

The CQUAD4 is an isoparametric element, whose displacement
fields are interpolated through space by linear variations of in-
plane and transverse displacements (and rotations about midsurface)
between grid points. The associated in-plane strains are constant
between grid points but vary linearly with the thickness coordinate.
However, transverse shear strain varies quadratically through each
lamina thickness.

Those who use the CQUAD4 to model fiber-reinforced composite
plates must realize that the input elastic moduli are effective
moduli for a particular fiber-matrix combination. There are many
different fibers in use (glass, carbon, kevlar, and boron are exam-
ples) and many resins or matrix materials, each of which has their
own unique elastic moduli. Although matrix resins are usually con-
sidered to be isotropic, fibers have distinct extensional, trans-
verse, and shear moduli. The effective in-plane moduli of an ortho-
tropic continuum defined to be equivalent to the actual inhomogen-
eous fiber and resin system are (sometimes nonlinear) functions of
the extensional, transverse, and shear moduli of the fiber, the
extensional and shear moduli of the resin, and the Poisson's ratios
of the fiber and resin. The fraction of the lamina volume occupied
by fiber material is an important variable defining the magnitude of
effective in-plane lamina moduli. Some strength-of-materials rela-
tionships defining effective lamina in-plane moduli as a function of
constituent matrix and fiber moduli and fiber volume fraction are
developed in sections 3.1 and 3.2 of reference 6. Reference 9 pro-
vides a handy tabulation of effective lamina elastic moduli under
the assumption of a transversely isotropic lamina. Chamis provides
formulas for effective out-of-plane shear moduli as well as the more

commonly reported in-plane extension and shear moduli.

APPROACH

Specifics of the present vibration modeling study are now
described.

PLATE VIBRATION SPECIMENS

It was desired that the validity of the CQUAD4 be proven by
comparison to numerical results obtained independently by other
researchers, and to experimental data, if possible. Lin, Ni, and
Adams (Ref. 10,11) and Xiao, Lin, and Ju (Ref. 12) have published
experimental data and finite element computations for the lowest six
vibration modes of square CFRP and GFRP plates for free, uncon-
strained boundary conditions. They measured and computed both natu-
ral frequencies and damping loss factors, which makes their work
almost uniquely complete and thorough. Reference 11 contains data
for nine plates repeating that for four plates treated in reference
10. Reference 12 revisits three previously examined plates with a
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more refined finite element formulation allowing plane sections to
rotate and warp, with consistent correction of all strain-displace-
ment relations for these kinematic conditions. This paper contains
data for one additional new plate, making a total of ten unique

plates in all (four CFRP and six GFRP). Refinement of their finite
element method (Ref. 12) improved correlation of their predictions

with measurements.

The geometric and material parameters of the ten plates studied
by Lin et. al. and Xiao et. al. are listed (in SI units) in Table 1.
The parameters given in reference 12 for plates 770 and 772 are
inconsistent with those reported in reference 11. The NASTRAN study
confirmed that the side lengths, thicknesses, average mass
densities, and fiber volume fractions given for plates 770 and 772
in reference 11 are the correct values. Further correlation of
plate parameters, frequencies, and mode shapes between references
10-12 revealed accidental reversal of mode shape plot labels in ref-
erence 11. In addition, two unidirectional GFRP plates of different
size are reported in references 11 and 12 with the identification
number 761. (They are herein distinguished from the other as 761L
and 761X). These discrepancies initially caused much confusion, but
the author is confident that the data in Table 1 is correct.

Some features of these plate specimens are notable. All of
them are square, and have L/t ratios in the vicinity of 100 to 150.
Even though such L/t would seem to be in the range of applicability
of CLT, Xiao et. al. show that CLT, which totally ignores transverse
shear deformations, overestimates natural frequencies by factors as
high as sixteen percent over a theory with first-order shear correc-
tion. All of the laminates listed in Table 1 are symmetric about
the plate midplane, eliminating flexure/extension coupling effects.
Five plates (GFRP specimens 734, 761(L), 761(X) and CFRP specimens
762 and 764) have "specially orthotropic" lamina (all fibers aligned
with the plate sides). For these plates, there is no coupling
between in-plane extension and in-plane shearing, so their vibration
mode shapes have nodal lines more or less parallel with the plate
edges. The other five plates (765, 769, 771, 770, 772) have at
least some plies with fibers angled relative to plate edges, pro-
viding more complex mode shapes.

All plates were tested with "free" edges (supported by soft
foam rubber strips) and numerically analyzed with zero-constraint
boundary conditions. (Although many practical design problems of
interest would involve plate structures with boundary constraints,
this feature eliminates uncertainties about which boundary degrees-
of-freedom (DOF) to constrain to obtain "simply supported" edges).
An iterative technique was used to obtain natural frequencies and
modal damping loss factors. First, the specimens were excited into
steady-state vibration by an electrodynamic shaker, and approximate
resonance frequencies were determined. Nodal lines for each excited
natural mode were located by the classical Chladni sand pattern
technique. Then, for each mode of interest, locations of the
support strips were then adjusted to align with nodal lines. A
transient excitation technique was then used to obtain more precise
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estimates of resonance frequencies and modal damping loss factors.
LAMINA MATERIAL PROPERTIES

Effective in-plane lamina elastic moduli are reported in Lin
et. al. and Xiao et. al. These are listed in Table 2, in both SI
and English units. These moduli pertain to a lamina microstructure
where half of the total ply volume is occupied by fibers and half by
the matrix. For each plate analyzed here, the moduli input to
NASTRAN must be adjusted up or down from these nominal values,
according to the measured fiber volume fraction (V_.) for each plate.
In general, the moduli vary nonlinearly with V_, bﬁt experimentally-
verified semi-empirical equations are availab1£ for determining V_-
adjusted moduli. References 10-12 reported only the nominal modu i
in Table 2, but provided a literature source (Ref. 13) for accom-
plishing the adjustments.

For orthotropic laminae in a state of plane stress (in the 1-2
plane), the only independent engineering moduli are E.., E o 612'
and V... The additional Poisson's ratio 'vzl must s&%isf§ the
relati%ﬁship:

Yo/ Ep = V,, / By

The NASTRAN CQUAD4 element enforces this constraint on V (Ref.
4). With these moduli, all in-plane strain and stress coﬁbonents
are defined by the CLT. However, the NASTRAN CQUAD4 element also
requires, as input, nonzero transverse shear moduli G and G 3
associated with out-of-plane shearing, which are not ggecifiea or
required in CLT. Fortunately, fiber-reinforced lamina may often be
assumed to be "transversely isotropic" in analysis of composite
structures, as implied by reference 9. This means that if the
lamina lies in the 1-2 plane, and the fibers are aligned in the 1-
direction, then the transverse shear modulus G is equal to the
in-plane shear modulus G, .. The transverse shégr modulus associated
with shearing of the mat}Ix varound" the fibers and distortion of
the fiber in a plane perpendicular to its axis (G,,) remains to be
determined. To clarify these matters, the stress™and strain compo-
nents for a transversely isotropic lamina with zero direct stress
normal to the lamina are illustrated in Figure 1.

Lin et. al. and Xiao et. al. did not report either of the
transverse shear moduli used in their analyses. Educated guesses
had to be made for both the CFRP and GFRP G,,. Reference 8 provides
nondimensional elastic moduli for a CFRP-liﬁ% material which are
closely satisfied by the in-plane parameters for the CFRP in Table
2. According to reference 8, G should equal 0.2E_.,. This implied
value of G was used in the prégent CFRP plate anai§ses, based on
fiber voluﬁa fraction-adjusted E a° For the glass fiber lamina, G
= 0.6G,, was assumed, based on ifi2house experience with such mater=
ials. fhe assumed out-of-plane moduli are indicated in the "notes"
section of Table 2. G23 could also be estimated by methods reported
in reference 9.
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Table 3 contains lamina elastic moduli for each of the ten
plates, after adjustment of the nominal moduli in Table 2 for fiber
volume fraction. Lin et. al. did not correct the in-plane Poisson's
ratio for fiber volume fraction, even though Ni and Adams show that
it decreases appreciably for increasing V_. Lin et. al. claim that
accounting for this decrease had no significant effect on their
calculated natural vibration frequencies. We match their assumption
by keeping "WV 5 constant at 0.3 for all ten plates. In general,

V,, should bd adjusted for Ve

ASSUMPTIONS REGARDING LAMINATE BEHAVIOR

The kinematic assumptions of the CQUAD4 element have been dis-
cussed previously; namely, that planar sections perpendicular to the
plate midplane can rotate and warp relative to the midplane. NAS-
TRAN-computed natural frequencies for CQUAD4 plate idealizations
will, subsequently, be compared to some CLT predictions (Ref. 12)
and to the FEA predictions of Lin et. al. (Ref. 11) and Xiao et. al.
(Ref. 12) These three approaches differ in accuracy, and it is
important to understand how the NASTRAN predictions should compare
with them. Kinematic assumptions are discussed first.

As discussed previously, CLT totally ignores any transverse
shear deformation effect, and will always predict lower-order
vibration frequencies which are too high for laminates with low L/t
and high extensional-to-shear modulus ratios. In terms of through-
thickness lamina kinematics, CLT prescribes linear variations of
direct and in-plane shear strains, and zero transverse shear
strains. The kinematic assumptions of Lin et. al. (Ref. 11) and
within the CQUAD4 (Ref. 4) are identical, and imply linear through-
thickness variations of direct and in-plane shear strains and
quadratic through-thickness variations of transverse shear strains,
with zero shear stress boundary conditions on the upper- and lower-
most lamina facings satisfied. However, this thick plate~-type
theory is only an approximation; consistent correction of all
strain-displacement relationships when cross-section warping is
allowed requires cubic through-thickness variations of direct and
in-plane shear strains. Xiao et. al. (Ref. 12) include this consi-
derable complication in their plate-type FEA formulation, which can
be understood as a special case of three-dimensional elasticity.

From an understanding of kinematic assumptions alone, CQUAD4
composite plate idealizations should provide natural frequency
estimates that are (1), more accurate than CLT, (2) as accurate as
the Lin et. al. predictions, and (3) less accurate than the Xiao et.
al. predictions. However, other factors will influence the com-
parisons between FEA-predicted frequencies; particularly, the
polynomial form of the interpolation functions expressing element
displacement fields in terms of grid point displacements, and the
mass matrix formulation (consistent or lumped). The CQUAD4 utilizes
linear interpolation functions with respect to the element's four
grid points. Lin et. al. do not specify the interpolation func-
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tions used in their "8-node 40-degree-of-freedom" elements, although
they can be guessed to be of at least quadratic order.

NASTRAN ANALYSES

The results of the NASTRAN computations are now compared to
the calculations and experimental data in references 10-12.

FEATURES OF THE NASTRAN PLATE IDEALIZATIONS

Lin et. al. and Xiao et. al. employed a 6-by-6 mesh of 8-noded
isoparametric rectangular elements in all of their plate FEA ideali-
zations. Each element possessed 40 DOF, (5 per grid point), imply-
ing that all rotations about axes normal to the plate surface were
constrained. As in the CQUAD4, they applied a numerical condition-
ing factor to transverse shear stiffness terms to eliminate excess-
ive shear stiffness ("shear locking"); a consequence of numerical
integration of element stiffness. The NASTRAN CQUAD4 elements also
have five DOF per node, with normal axis rotation constraints app-

lied, and are also conditioned to avoid shear locking.

The CQUAD4 differs from the Lin and Xiao et. al. elements in
one important way; they are 4-noded isoparametric quadrilaterals and
thus have linear interpolation of in-plane displacements between
grid points instead of quadratic interpolation. Thus, although the
Lin et. al. element is Kinematically similar to the CQUAD4 as far as
through-thickness shear effects are concerned, the elements' assumed
in-plane displacement fields differ as a function of the plate's in-
plane dimensions. The Xiao et. al. element provides for a more com-
plex through-thickness displacement and strain distribution than the
Lin et. al. element and the CQUAD4, as discussed earlier.

The NASTRAN CQUAD4 meshes used here consist of a 12-by-12 grid
of elements, with 169 grid points and 845 unconstrained DOF. These
jidealizations are roughly comparable to the Lin and Xiao models in
modal displacement field interpolation quality. Three of the plates
were initially modeled with 6-by-6 meshes with 49 grid points and
245 DOF, but these idealizations did not provide sufficient mode
shape resolution to be acceptable. The Lin and Xiao et. al. mesh is
compared to the NASTRAN mesh in Figure 2.

The edges of the NASTRAN plate idealizations were unconstrain-
ed, and all rotations about axes normal to the plate surface were
suppressed. A SUPORT input record imposing fictitious constraints
on all five remaining DOF on one grid point was used to provide
zero-frequency rigid body modes. The FEER eigenmode extraction
method was used in NASTRAN Rigid Format 3 (normal modes analysis),
with the lowest twenty modes requested. The Inverse Power method
was employed in some trial runs; it provided about half as many
frequencies as FEER but at more than two times greater run time and
cost. All computations were performed by RPK COSMIC NASTRAN, 1990
release, installed on the DTRC CRAY X-MP supercomputer in a COS
operating system environment. Typically, 22 to 24 modes were ex-
tracted by FEER in 23 to 24 CP seconds.
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Lin and Xiao do not mention whether they used lumped or con-
sistent mass matrix formulations. Both options were considered in
the NASTRAN study.

NASTRAN MODAL ANALYSIS RESULTS

Initial NASTRAN analyses utilized nominal elastic moduli based
on fifty percent fiber volume fraction. Although predicted frequen-
cies were in the general vicinity of measured values, they did not
compare with CLT results, the Lin et. al. results, or the Xiao et.
al. results in the expected way. That is, the CQUAD4 did not neces-
sarily appear more accurate than CLT and less accurate than the Xiao
et. al. approach. It suffices to say that fiber volume fraction
strongly influences effective moduli and must be accounted for to
obtain credible composite plate modal predictions.

Relative NASTRAN frequency predictions are compared with CLT,
Lin's, and Xiao's results in Table 4. There is, in general, good
correlation with measurements, and NASTRAN's frequency error trends
are comparable to those in the Lin et. al. analyses (especially
those for a consistent mass matrix). The fact that effective lamina
elastic moduli must be corrected for fiber volume fraction to obtain
credible natural frequency predictions for laminated composite
plates is emphasized in Table 5, where root-mean-square (RMS) values
of frequency prediction percentage error are tabulated for the six
modes of each plate. RMS error is seen to be significantly reduced
in most cases when fiber volume fraction-corrected lamina moduli are
employed. The major exception is plate 765, which still suffers
from some large unknown systematic error making predicted frequen-
cies far too low. Results for plate 770 were not much changed since
actual V_ was already close to one-half. RMS errors for plates 764
and 771 Femain at ten percent and above. However, the major part of
these high errors involves their fundamental modes, which can be
easily impacted by test article boundary constraint. (The Lin et.
al. analysis also predicted overly high frequencies for these
modes) .

Absolute measured and predicted natural frequencies are summar-
ized in Table 6, which lists Lin et. al. measurements and computa-
tions and the NASTRAN CQUAD4 idealization results for lumped and
consistent mass. Mode-by-mode and average percentage frequency
prediction errors are listed in Table 7 along with mode shape de-
scriptions. The NASTRAN lumped mass model gives the lowest average
error in seven of ten cases, and the NASTRAN consistent mass model
is best in two of the three remaining cases. (Interestingly, the
consistent mass model errors roughly parallel those of the Lin
model). Lin et. al. calculations are "best" only for plate 765, for
which the author believes a parameter was misdocumented in reference
11. 1In six of the nine plates other than 765, NASTRAN predicts
frequencies that are all at or within ten percent of measured. 1In
the other three, errors are greater than ten percent only for the
first and/or second modes, and these roughly parallel the errors in
the Lin et. al. analyses.
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Plots of chosen NASTRAN-computed eigenmodes are presented in
Figures 3-8. Plate 761X does not appear since its mode shapes are
identical to plate 761L, and plates 764, 770, and 772 are omitted
since their mode shapes are very similar to those of plates 734,
769, and 771. The nodal patterns can be confirmed as being identi-
cal to those measured. (Figures 3-8 should be compared to Tables 8,
7, 10, 9, 11, and 3, respectively, of reference 11) . Finer details
of some NASTRAN modes, particularly the veering of nodal lines away
from each other in plates with angled plies, are more easily seen in
colored graphics terminal displays. Only the plates with specially
orthotropic ply layups (734, 761L, 761X, 762, 764) exhibit eigen-
modes with nodal lines more or less parallel to the plate sides.
Most of these modes are essentially beam-like flexural modes with or
without phase changes at one symmetry plane. In contrast, plates
with angled plies possess a larger number of more complex plate
flexural modes.

The natural frequency results obtained via NASTRAN CQUAD4 plate
element idealizations in these simple composite plate vibration
problems are judged to be acceptably accurate for engineering pur-
poses. The element performs as well as alternative formulations of
similar accuracy (the Lin et. al. element) for both GFRP and highly
anisotropic CFRP plates for a variety of ply geometries. Potential
users of the element must be cautioned that this validation effort
concerned plates with L/t ratios in the vicinity of 100 to 150. For
such L/t, modeling of laminate transverse shear stiffness helps to
eke out a few percent in low-order natural frequency accuracy, but
is not absolutely essential to obtain rough-cut results. A more
critical test of the CQUAD4 for modeling highly anisotropic lami-
nates would have to concern plates with L/t lower than, say, about
50.

It should be mentioned that Lin et. al. and Xiao et. al. also
measured and computed the specific damping capacities (2w times the
modal loss factor) of each mode. Their FEA program was capable of
modeling orthotropic lamina damping properties. No attempt was made
to predict modal damping factors in this effort, as NASTRAN is curr-

ently restricted to the modeling of isotropic material damping.
SUMMARY

The performance of the NASTRAN CQUAD4 membrane and plate
element in analysis of undamped natural vibration modes of thin
fiber-reinforced composite plates has been evaluated. The element
provides natural frequency estimates that are comparable in accura-
cy to alternative formulations, and, in most cases, deviate by less
than ten percent from experimentally measured frequencies. The
predictions lie within roughly egqual accuracy bounds for the two
material types treated (GFRP and CFRP), and for the ply layups
considered (unidirectional, cross-ply, angle-ply). Effective
elastic lamina moduli had to be adjusted for measured fiber volume
fraction to attain this level of accuracy; nominal moduli at fifty
percent volume fraction gave significantly inferior frequency
estimates. The lumped mass option provided more accurate frequen-
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cies than the consistent mass option.

This evaluation concerned only plates with L/t ratios on the
order of 100 to 150. Since the CQUAD4 utilizes first-order correc-
tions for transverse laminate shear stiffness, the element should
provide useful frequency estimates for plate-like structures with
lower L/t. For plates with L/t below 20, consideration should be
given to idealizing with 3-D solid elements.

Based on the observation that natural frequencies and mode
shapes are predicted with acceptable engineering accuracy, it is
concluded that the CQUAD4 should be a useful and accurate element
for transient shock and steady-state vibration analysis of Naval
ship structures.
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Table 1. Geometric and material parameters
of ten fiber-reinforced plastic
plates tested and analyzed by
Lin et. al. and Xiao et. al.

I I | I | | I | I |
| Plate | Plate | Plate | Plate | Fiber | Mass | Number | Ply | source |
| Ident. | Material | Length | Thickness | Volume | Density | of | Layup | of |
| Number | | t | Fraction | @ 3 | Plies | (degrees; see | Data |
| | | (mm) | (mm) | Ve | (kgrmy | | Figure ) |(ref. no.)|
R e |--oeeees |-oeeeaeeee f-eeefones |--eemeeeees el |--oeeeees |
| 73 | cme | 227.0 | 205 | 0451 | @139 | 8 | [0/90/0/90] | 10,11,12 |
| 7610 | e | 18275 | 1.6« | o.se8 | wn.o | 8 | (03 | 1
| 76:x | GrRp | 249.0 | 2.28 | o0.s%0 | 197 | 8 | (0} | 12 |
| 765 | e | 2305 | 1.45 | 0.e07 | 2023.6 | B |145/-45745/-451] 11|
| 769 | GRRP | 226.2 | 1.37 | 0.621 | 2041.7 | 8 | [0/90/45/-45) | 1|
| 771 | GRRP | 2046 | 211 | 0.592 | 2003.5 | 12 | [€0/-60/60),] | 10,11 |
| 762 | cep | 178.0 | 158 | 0516 | 15660 | 8 | )] | o1
| 764 | ceRp | 235 | 2.2 | 0.32 | 14s.2 | 8 | [0/90/0/90) [ 10,11 |
| 770 | crRp | 215.0 | .62 | 0496 | 15514 | 8 | [0/90/45/-45) | 1,2 |
| 772 | cree | 215.6 | 2.02 | 0.618 | 1636.4 | 12 | [€07-60/60),] | 10,11,12 |
-meee eSS |
| NOTE: All laminates are symmetric about plate midplane. |

Table 2. Nominal in-plane effective elastic
moduli of GFRP and CFRP laminae at
fifty percent fiber volume fraction

I I I I I I I I
M - - -
| Material | Fiber | Resin | E | € | 6,5 I ])12 |
I | type | type | I I I I
| | | | (Gpa) | (psi | (6Pa) | (ps) | (GPa) | (ps) | |
| | | | | 710 | | 71107y | | 7107y | |
| -oeeeeeees |-eeeees B e Sortsonl Htottl Rt il it |
| GrRP | “Glassn | Dx210 | 37.78 | 5.48 | 10.90 | 1.58 | 4.1 | o0.71| 0.3 |
I I | epoxy | I I I I I I I
| crRp | WM-s | DX210 | 172.7 | 25.0 | 7.20 | 1.04 | 3.76| 0.5 | 0.3 |
| I | epoxy | I I I I I I I
| ox2t0 | ----- | ----- | 3.21| 047 | 3.21] 047 | 1.20| 0.7 ] 0.34 |
| epoxy | I I I | I I I I I
e |
| NOTE: 623 = 0.6(612) = 2.94 GPa is assumed for GFRP, |
| = 0.2¢E__) = 1.44 GPa is assumed for CFRP. |
I 23 22 I
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Table 3. In-plane and out-of-plane effective elastic

moduli for GFRP and CFRP leminae, adjusted
for fiber volume fraction of each plate

NOTE: V12 = 0.30 is assumed for all laminates, with no Vf adjustment.

I l | l

| Plate | Plate | Fiber | E,

| Ident. | Material | Volume |

| Number | | Fraction |  (GPa)
| | v, |
|-=oeeee |-=eeeooees [oee2eeees [-ceeoeees
| 736 | GFRP | 0.451 | 34.4
| 761t | GFRP | 0.568 | 42.5
| 761 | GFRP | 0.530 | 39.9
| 765 | GFRP | 0.607 | 45.2
| 769 | GFRRP | 0.621 | 46.2
| 771 | GFRRP | 0.592 | 44.1
| 762 | crRp | 0.516 | 178.0
| 764 | CcRRP | 0.342 | 119.0
| 770 | CRRP | 0.494 | 171.0
| 772 | crRp | o0.618 | 213.0
|

I

!

Table 4. Comparison of natural frequencies from finat
NASTRAN CQUAD4 idealizations and predictions of
Lin and Xiao et. al. to measured datas

| I I

| Plate | Mode |

| Number | Number |

| and | | cur | Lin et
| params. | | | al. ref
] | | ref. 12| 1,12
|--eaeeees R |--eaeeeee
| 734 [ 1 | 120 | 107
| oFRP | | |

| 8 plies | 2 | 109 | 1.00
l I I I

| os90/07/ | 3 | 1.20 | 1.03
| 901sym | l |

| I 4 | 111 | 105
| ve= | l I

| 1107 | 5 | 112 | 1.04
| I l l

| | 6 | 111 | 1.06
l I I I
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Natural Frequency Ratios, (computed / measured)

Xiao | NASTRAN | NASTRAN
et. al. | 12-by-12 | 12-by-12
ref. 12 | lumped | consis.

.......... T TEEPY P
0.98 | 1.03 | 1.05
| l
1.00 | 0.9 | o.97
| |
1.00 | o0.98 | 1.0
I |
1.03 | 099 | 1.03
l |
.00 | 1.00 | 1.03
l I
.00 | 098 | 1.04
I I
! l
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Table 5. Root-mean-square errors in NASTRAN-computed natural
frequencies for ten composite plates for uncorrected
and corrected effective lamina elastic moduli

| |

| Plate | RMS error in NASTRAN-predicted frequency

| Number |

| | With uncorrected | With corrected

| | moduli (percent) I modul i (percent)

[=oameeee J|eemmmren e R et

| 734 ] 5.3 | 2.9

| 761 | 8.8 | 5.5

| 761x | 10.7 | 5.7

| 765 | 34.4 | 26.7

| 769 | 15.6 | 5.4

| 77 | 9.7 | 10.1

| 762 | 2.1 | 0.8

| 764 | 11.9 ] 9.6

| 770 | 7.1 | 6.6

| 772 | 9.6 | 2.5

I

Table 6. Comparison of absolute measured snd predicted
composite plate natural frequencies of Lin et. al.
with NASTRAN CQUAD4 computations

| I I

| Plate | Mode | Natural Frequencies (Hz)

| Number | Number |

| and | | Lin et. al., | NASTRAN | NASTRAN

| params. | | ref. 10-12 | 12-by-12 | 12-by-12

| | | measured | computed | lumped | consis.

|---=mmeee- [=--n-- RRRRRRRAE [--=mmmnee- [--mmmeeee- [--=nnne-e- I

| 734 | 1 | 62.2 | 66.4 | 6.2 | 65.0

| crre | | I | I

| 8 plies | 2 | 131.4 | 131.6 | 123.8 | 127.4

! I I I I I

| t0/90/07 | 3 ] 15%9.2 | 164.5 | 156.4 | 160.9

| 901sym | | | I |

| | 4 | 180.5 | 189.8 | 177.9 | 184.0

| e= | I I I I

| 110.7 | 5 | 200.1 | 208.9 | 199.2 | 206.0

| | | I I I

] | 6 | 32.7 | 347.2 ] 321.2 | 338.4

I I | I I I

|
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Table 6. (Continued)
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Table 7. Mode-by-mode tabulation of NASTRAN CQUAD4 ideal ization
frequency prediction errors, with averaged percentage
errors and eigenmode descriptions

| l | | I
| Plate | Mode | Percentage errors | Eigenmode |
| Number | Number | | description |
] and | | Lin et. | NASTRAN | NASTRAN | |
| params. | [ al. [ 12-by-12 | 12-by-12 | |
| | | | lped | consis. | |
J-eseeeene R f-oeeeeeee [-oeeeeeees oo |
| 734 | 1V | +7 | +3 | +5 | shear and flexure |
| o | | | | | |
| 8 plies | 2 | 0 | -6 | -3 | 2-noded beam abt. |
| | | | | | weak axis |
| 0/9/07 | 3 | +3 | -2 | 41 | 2-noded besm abt. |
| 901sym | | | | |  strong axis ]
| I« | +5 | -1 | +3 | 2-noded beam abt. |
| te= | | | | | weak axis + shear |
| 107 | 5 | +4 | 0 | +3 | 2-noded beam abt. |
| ] | | | | strong exis + shear |
| 6 | +6 | -2 | +4 | fundamental |
| | | | | |  plate flexure |
| e |--oeeeen |--eeneeee | |
I | ave. | +4.2 | -13 | +2.2 | |
J-oeeeeeeee R EER |-oeeeees J-oeseees [rormmreeeeeeee s |
| 761L | 1 | +13 | +1n | +13 | shear and flexure |
| oree | | | x | |
| 8plies| 2 | o | -3 | 0 | 2-noded beam abt. |
l l I l | | weak axis |
| 01 sym| 3 | +5 | +2 | +5 | 2-noded beam abt. |
i | | | | | weak axis + shear |
[ /e= | 4 | 0 | -6 | -3 | 2-noded beam abt. |
| 11146 | I | | | strong axis ]
| I 5 | +4 | -1 | +2 | 2-noded beam abt. |
| | | | | | strong axis + shear |
| |6 | +3 | -3 | +3 | 3-noded beam abt. |
| | | | | | weak axis |
| R oo — | |
] | avg. | +4.2 | 0 | +33 | |
|-oeeaes R J-oeeeeene -oeeeeee oo !
| 761X | 1T | +9 [ +10 | + 1 | shear and flexure |
| oep | | | I l |
| 8plies| 2 | +8 | +2 | +5 | 2-noded beam abt. |
| | : | 1 | week axis |
| rsm| 3 | +8 | +5 | +8 | 2-noded beam abt. |
| | | | | | weak exis + shear |
| ve= | 4 | -1 | -6 | -4 | 2-noded beam abt. |
| 109.2 | | | | |  strong axis ]
| |5 | *+2 | -2 | +2 | 2-noded beam abt. |
| | | | | | strong axis + shear |
| I 6 | +3 | -5 |+ | 3-noded beam abt. |
| | | | | | weak axis |
| R e e | |
| | +3.8 | |



Table 7. (Continued)

Plate

GFRP
8 plies

I

I

|

|

| 1457-45/
| 457-451
| sym
|

| Lt =
| 159.0
|
|
|
|

-45)sym

L/t =
163.6

| GFRP
| 12 plies

{0/90/45/|

| [0/-60/60|

| 70/-60/603
| sym

L/t =
97.0

Percentage errors

Lin et.
al.

| NASTRAN | NASTRAN

| 12-by-12 | 12-by-12
| lumped | consis.
|-eeeeeees oo
| -18 | -7

I I

| -3 | -33

I I

| -32 | -30

I I

| -2 | -19

| I

| -2 | -19

I I

| -28 | -23

I I
|-oeeeeees oo
| - 26.2 | - 23.5
Jooeenees fooemenes
I -7 | -5

| I

| +3 | +6

| |

| -8 | -6

I I
l-4s 1 -1
I I
| f+3

I |

| -6 | -1

| I
[-oeneees |reeeees
| -3.8 | -0.7
oo oo
| +19 | +20

I |

| +13 | + 16

I |

| -7 | -4

I |

| +2 | 6
I I

| +3 | +7

! I

| -5 | 1
| I
|oomeeees |oemeeees
| +6.2 | +7.7

| I

E i genmode
description

plate flexural
pltate flexural
plate flexural
plate flexural
plate flexural

plate flexural

shear and flexure

2-noded beam abt.
weak axis

2-noded beam abt.
strong axis

ptate flexural

plate flexural

ptate flexural

shear and flexure

I

|
2-noded beam abt. |
weak axis |
2-noded beam abt. |
strong axis |
plate flexural |
|

plate flexural |
|

I

I

|

|

3-noded beam abt.
weak axis



Table 7. (Continued)

Plate Eigenmode

description

Percentage errors

Lin et. | NASTRAN | NASTRAN
al. | 12-by-12 | 12-by-12
| tunped | consis.

| | |
| | |
| | |
| I |
| | |
| | |
l | | |
762 | 1| +3 | +1 | +2 | shear and flexure
crRe | | | | |
8 plies | 2 | +10 | +2 | +5 | 2-noded beam abt.
| | | | | weak axis
(01 sym | 3 | +«+6 | -1 j o+ 4 | 2-noded beam abt.
| | ] ] | week axis + shear
t/e= | 4 | + 11 | +1 | +8 | 3-noded beam abt.
112.7 | | | | | weak axis
| 5 | +10 | 0 | +7 | 3-noded beam abt.
| [ | | | weak axis + shear
| 6 | +3 | 0 | +3 | 2-noded beam abt.
| | | | ]  strong exis
R f-omeeeeeee reeeeeeeee |
| avg. | +7.2 | +05 | +4.8 |
---------- B e B ]
764 | Tt | -1 | -9 | -18 | shear and flexure
CFRP | | | | |
8 plies | 2 | -3 | -5 | -3 | 2-noded beam abt.
| | | [ | weak axis
0/90/0/ | 3 | -3 | -7 | -4 | 2-noded beam abt.
901 sym | | | | | weak axis + shear
| 4 | -1 | -3 | -1 | 2-noded beam abt.
L/t = | | | | |  strong axis
10.6 | 5 | o | -3 | 0 | 2-noded beam abt.
| | | | | strong axis + shear
| 6 | -2 | -8 | -3 | fundamental
| | | | | plate flexure
R rreeeens Joeoeeeeens |
| avg. | -62 | -75 | -4.8 |
---------- et S B
770 | 1 ] + 11 | + 10 | + 12 | shear and flexure
CFRP | I I l |
8plies| 2 | +Mn | +9 | + 1 | 2-noded beam abt.
i | | | | weak axis
10/90/45 | 3 ] +9 | +6 | + 10 | plate flexurat
j-4515ym | | | | |
| & o | -2 | #1 | 2-noded beam abt.
L/t = | | | | |  strong axis
132.7 | 5 | +8 | +6 | +9 | plate flexural
I | | | |
| & | +3 | -1 |+ 4 | plate flexural
| | I | |
|--=meoee oemmoees foemmmrenes f=remememes |
| avg. | +7.0 | +4.7 | +8.0 |
| | |



Table 7. (Continued)

| | I |

| Plate | Mode | Percentage errors | €igenmode

| Number | Number | | description

| end | | Lin et. | NASTRAN | NASTRAN |

| params. | | al. | 12-by-12 | 12-by-12 |

] | | | lumped | consis. |

|-=mmmmes frmmmeee- J-mmmmmeee [--mmmmmees ity [----emmmmmmmmmeemeee-
| 772 | 1 | +5 | +4 | +5 | shear and flexure
| crpe | | | | |

| 12 plies | 2 | +3 I -1 | + 2 | 2-noded beam abt.
| i | | | | weak axis

| 0/-60/60| 3 | +4 ] +1 | +4 | 2-noded beam abt.
|707-60/601 | | | | | strong axis

| sym | & | +6 | +2 | +6 | plate flexural

| | | I I I

| we= | 5 | +5 | +2 | +5 | plate flexural

| 1067 | | | | |

| | 6 | +3 | -3 | +3 | 3-noded beam abt.
| | | | ] | weak axis

| e |-oeeeees oo eeeaes |

| | avg. | +43 | +0.8 | +4.2 |

| | | I | |
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(1).

(2).

SS ONS
Plane stress (o, = 0),

but nonzero trahnisverse
shear strains

Va1 = Vi (Ey/Ey)

(3). 2-3 plane is plane of
transverse isotropy,
hence G13 = G12

3
i
T237
Y 23
e—————
T137 921 €2
"//"Y13
© [ -] -] ‘/1,
12
‘/o, él v
Figure 1. Stress and strain components for a

fiber-reinforced lamina
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Notes: Positive X-axis:

Positive Y-axis: fiber

8-noded rectangles

6~-by-6 mesh

‘\+ED

(1)

Lin and Xiao et.
idealization

Figure 2.

al.

fiber orientation angle of 0 degrees

orientation angle of 90 degrees

4-noded CQUAD4's

4» .<

T 55746093y T 13

12-by-12 mesh

| \ e

—— -ty

v

(ii) NASTRAN CQUAD4
idealization

Plate element meshes used by Lin and

Xiao et. al.
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PLATE ND. 734 XIAO.LIN, A £0/90/0/902] R (12-8v-12)
SOLLTION 3 ~ EIGENVALLE ANALYSIS
csc B:MN TIEIGV | .BS526E+0S5)

Fig. 3a. Plate 734, Mode 1

PLATE ND. 734 XIAQ,LIN, JU £0/90/0/901S GFRP (12-8v-12)
SOLUTION 3 - EIGENALLE ANALYSIS
sC 6:MN B:EIGV 6.6988E+05)

Fig 3b. Plate 734, Mode 2

Figure 3. NASTRAN-computed eigenmodes for plate 734
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K \g\/
PLATE ND. T34 XIRO.LIN. U LO/90/70/,901S GFRP (12-Bv-12)

SOLUTION 31 ~ EIGENVALLIE MALYSIS
sc G:MN 9:EIGV 1.06851E+06]

Fig. 3c. Plate 734, Mode 3

PLATE NO. % X1A0,LIN., JU CO/80/0/90

SOUTION 3 ~ EIGENVALLE ANALYSIS
sc &:MN  10:EIGQV 1.40S4E+06)

Fig. 3d. Plate 734, Mode 4

Figure 3. (Continued)
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PLATE NO. 734 XIAO.LIN. JU [0/90/70/90)S GFRP (12-8v-12)

SUTION 3 ~ EIGENVALLE RANALYSIS
sc &M 11:EIGV 1.7483E+06)

Fig. 3e. Plate 734, Mode 5

~
~<. *y
k‘ ~~
PLATE ND. 734 X1A0,LIN, J C(0/90/70/803S GFRP (j2-8vy-i2)

SOLUTION 3 ~ EIGENALLE ANALYSLIS
csc 6:MN I2:EIGV A,.SBEBE+06]

Fig. 3f. Plate 734, Mode 6

Figure 3. (Continued)
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[ 7% I~y e e
~
~, ~
% ~
PLATE 7é4 OF LIN.NI,AORMS (1984) ((0)@) GFRP (12-8v-12)
SOULITION 3 - EIGENJALLE ANALYSIS
CSC 7:MN  TIEIGV 2.S6AIE+0S)

Fig. 4a. Plate 761L, Mode 1

s
~ ~
%‘ S
PLATE T OF LIN,NI.ADRMS (1984) [(0)8) GFRP (12-8v-12)

SOUJTION 3 - EIGENVALLE ANALYSILS
£€sc a:MN B8:EIGV S.3465E+05)

Fig 4b. Plate 761L, Mode 2

Figure 4. NASTRAN-computed eigenmodes for plate 761L
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-~ &< ~
~ T
~
PLATE 7 OF LIN.NI,.RDRMS (1984) (o8l GFRP (12-BY-12)
SOUTION 3 - EIGENALLE ANALYSIS
tsc MmN SIEIGV | .S564E+06)

Fig. 4c. Plate 761L, Mode 3

L% el
D Pzl 7
-
>
S
‘([\\X ~
PLATE 7 OF LIN.NI.RORMS (1984) [(0)8) GFRP (le-8v-i2)

SOLUTION 1 - EIGENVALLE ANALYS (S
(SC 10;MN  10CEIGV | . 8970E+06)

Fig. 4d. Plate 7611, Mode 4

Figure 4. (Continued)
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RS2
/S
%. ‘(\/

PLATE 7T OF LIN,NI,ADAMS (19894) ((0)8] GFRP (12-Bv-12)
SOLUTION 3 - EICENVALLE ANALYSIS

CSC 11:MN 11 :EIGV 2. T960E+06)

Fig. 4e. Plate 761L, Mode 5

PLATE 761
SOLUTION 3 - EIGEVWVALLE RMALYSIS
[SC 12:MN 12:EIGV 4, 1294E+06)

Fig. 4f. Plate 761L, Mode 6

Figure 4. (Continued)
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\‘*\ZL yy
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PLATE 765 OF LIN,NI1,ADAMS (1984) [45.-4S,4S.-4S)S GFRP (12-8v-12)

SOLUTION 3 ~ EIGENVALLE AMNALYSIS
sc TiMN T:EIOV | .&218E+051

Fig. 5a. Plate 765, Mode 1

PLATE 765 E’km.m (1984) [4S,-45,45,-45]5 GFRP (12-8v-13)
SOLUTION 3 - EIGENMRLLE AMNALYSIS
sc L= H B:EIGV 1.6633E+05)

Fig 5b. Plate 765, Mode 2

Figure 5. NASTRAN-computed eigenmodes for plate 765
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PLATE 765 OF LIN,NI.AOAMS (1984) CS:—S.G-—GJS GFRP (i12-Bvy-12)

SOLUTION 3 - EIGENVALLE ANALVEIS
csc ;M 9:EIGV 3.6ATTEHOS]

Fig. 5c. Plate 765, Mode 3

PLRATE 765 %-Nlom (1984) (45,45, N 535 F‘R’ c12-av-12)
SOLUTION 3 - EIGENVALLE ANALYSIS
csC  10:MN 10:EIGV T . TETOE+0S1

Fig. 5d. Plate 765, Mode 4

Figure 5. (Continued)
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{
‘0

(139894) [45,-45, 45, —453S GFRP cie-av-12)
SOLUTION 3 - EIGEMNALLE ANALYSIS

SC 11:Mv eIV B.8300E+051

Fig. S5e. Plate 765, Mode 5

y
>4
K o
PLATE 765 OF L N1, RDRAMS C1984) (a5, -q5

SOWUTION 3 - EIGENVALLE ANRLYSIS
CSC 12:mMN 12:E1Gv 1 .84922E+061

Fig. 5f. Plate 765, Mode 6

Figure 5. (Continued)

90



~, 5‘% rd
K It N
PLATE 769 OF LIN.NI.ADARMS (1S84) (0,90, 45,-4S)S GFRP (12-8y-12)

SOLUTION 3 — EIGENVALLE ANALYSIS
csc TiMN T:EIGV B.T742E+04)

Fig. 6a. Plate 769, Mode 1

h Y~
PLATE 769 OF LIN,NI.ADAMS (1984) (0,90, 45, -45)S GFRP (12-8y-12)

SOLUTION 3 - EIGENVALLE MVALYSIS
csC a:m 8:EIGV 2.80ZTE+0S)

Fig 6b. Plate 769, Mode 2

Figure 6. NASTRAN-computed eigenmodes for plate 769
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r%‘ ~“~
PLATE 769 OF LIN.NI,.ADAMS (1984) (0.90.45,-45)5 GFRP (12-Bvy-12)

SOLLITION 3 — EIGENVALLE ANALYSIS
csc M S:EIGV 4.201SE+0S)

Fig. 6c. Plate 769, Mode 3

\(*\ZL*YY
\(\/
PLATE 768 OF LIN,NI,ARDAMS (1984) (0,90, 45.-451S GFRP (12-8v-12)

SOUUTION 3 - EIGENVALLEE ANALYSIS
tsC 10:MN 1DCEIGYV 6.8T6BE+0S)

Fig. 6d. Plate 769, Mode 4

Figure 6. (Continued)

92



>~
% ~o
PLATE 763 OF LIN.NI,ADAMS (1984) (0,90, 45, -45)5 GFRP 12-8v-12)

SDLUTION 3 - EIGENVALLE ANALYSIS
CSC t11:MN  11:EIGV 7.4TO4AE+0S)

Fig. 6e. Plate 769, Mode 5

r<m o~
PLATE 769 OF LIN.NI , ADAMS (1984) (0.90. 45,4535 GFRP c2-8v-ia)

SOLUTION 3 - EIGENVALLE RNALYSIS
€SC 12:MN  12:EIQV 2.0544E+06)

Fig. 6f. Plate 769, Mode 6

Figure 6. (Continued)
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Fig. 7a. Plate 771, Mode 1

E% ~o
JCM VI8 PLATE ! OF LIN.NI,RDAMS (0, ~60.60)2)5 GFRP 12-8v-12)

SOLUTION 3 - EIGENVALLE ANALYSIS
sC a:mN B8:EIGV 8.7211E+0S)

Fig 7b. Plate 771, Mode 2

Figure 7. NASTRAN-computed eigenmodes for plate 771
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~<, Ey ‘y
K ~ o~
JoM Vie ALATE t OF LIN.NIL.ARDAS ((0,-60.60)2)5 GFRP (l12-8Bv-18)

SOLUTION 3 ~ EIGENALLE ANALYSIS
LsC  9:MN B EIGV 1. A0SSE+06]

Fig. 7c. Plate 771, Mode 3

X
K ~
JO VI8 PLATE 1 OF LIN.NI.RORSE {(0,-60.60)2)5 GFRP (18-8v-I12)

SXUTION 3 ~ EIGENVALLE ANALYSIS
CSC 10:MN  10:EIGV B.3IGTEE+OR)

Fig. 7d. Plate 771, Mode 4

Figure 7. (Continued)
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K- ;
JOM via HJ;'I'EKI OF LIN,NI.ADRS ((D,-60,8Q b GFRP (12-8vy-12)

SOLUTION 3 - EIGENVALLE ANALYSIS
CSC  11:MN 11EIGV B.TTI0E+0&)

Fig. 7e. Plate 771, Mode 5

M ’ ”,
o 4
Jm vie pu;%‘h OF LIN.NI.AOPMS C(O, i@

2JS GFRP (18-8v-12)
SIRUTION 3 -~ EIGENVALLE ANALYSIS
L(SC 12:MN  I2;EIGV 7.1441E+06]

Fig. 7f. Plate 771, Mode 6

Figure 7. (Continued)
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4!y&s; : 45% >
o

SOLUTION 3 -~ EIGENVALLE ANALYSIS

Fig. 8a. Plate 762, Mode 1

"
-~ & ~
<<
~
JOM VIB PLRTE OF LIN.NI.ADOAS ((0)0) OFFP (12-Bv-12)

SOLUTION 3 ~ EIGENVALLE ANALYSIS

Fig 8b. Plate 762, Mode 2

Figure 8. NASTRAN-computed eigenmodes for plate 762
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Fig. 8d. Plate 762, Mode 4

Figure 8. (Continued)

98



ng_
RSLISLE LS,
L L,
L AL

SOLUTION 3 - EIGEMALLE ANALYSIS

Fig. 8e. Plate 762, Mode S

L -
K& g
JOM V1B PLATE OF LIN.NI.AOPMG £€0Y83 CFRP (12-Bv-12)

SOLUTION 3 ~ EIGENALLE ANALYSIS

Fig. 8f. Plate 762, Mode 6

Figure 8. (Continued)
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